Endosomal density changes in cell-free systems
The mechanism by which dense lysosomes are generated in animal cells has been the subject of intense research and speculation (for reviews, see . Despite much progress in understanding the biosynthesis and trafficking of lysosomal enzymes, the internalization of ligands and solutes and the sorting of receptors and other molecules that are recycled to the plasma membrane from ligands and of other material that is destined for degradation in lysosomes, little is known about the process by which lysosomes acquire one of their distinguishing characteristics: their high density. This characteristic is reflected in an elevated electron, optical and buoyant density, compared with other endocytic compartments and with most membranecontaining organelles (for a historical review, see
[4]). The exploration of the mechanism by which this phenomenon occurs has been complicated by the long-standing uncertainty over the source of the membrane and soluble content of lysosomes. Initially, endosomes were proposed either to be stable compartments that communicate with lysosomes by means of vesicle shuttles, or to be transient compartments that fuse with lysosomes [5] .
After the discovery that lysosomal hydrolases are found in significant amounts in endosomes [6-91, it was suggested that transient endosomes could be converted directly into lysosomes [9, 101. The arguments for stable and for transient endosomes have been extensively discussed [ l l , 121, and further experimentation is clearly required to resolve this question. It is entirely possible that both mechanisms may occur and that the balance between them may be regulated by the growth state or by differentiation. In any case, the mechanism by which lysosomes become or remain denser than other endocytic structures remains unknown.
Two classes of proposals for this mechanism have been put forth. The first, which was implicit in the notion of primary lysosomes, is that lysosomes are intrinsically dense (that is, created with a higher Abbreviations used: B-ASOR, biotin-conjugated asialoorosmucoid; HRP, horseradish peroxidase; Tft, transferrin-trapping. tTo whom correspondence should be addressed. density when they are formed, presumably from elements of the Golgi apparatus). While an explicit formulation of this hypothesis has not been made, the elevated density may be imagined to result from the packaging of high concentrations of proteins (such as lysosomal enzymes) into primary lysosomes. The high density of these organelles is then assumed to be maintained after fusion with lowerdensity shuttle vesicles or endosomes. The absence of direct evidence for the existence of primary lysosomes, and the increasing evidence that hydrolytic enzymes are delivered to lysosomes via endosomes (with or without traffic to the plasma membrane) [13-151, may be viewed as making this concept unlikely.
A second possibility is that endosomes and lysosomes are capable of changing densities. This concept is inherent in maturation models, in which endosomes are converted into lysosomes, but may also be applied to stable compartment models. As just one example, stable 'prelysosomes' may be imagined to undergo an increase in density during the digestion of the contents, and then a decrease in density before accepting new incoming material from shuttle vesicles.
Cell-free systems that replicate processes that take place in the endocytic apparatus have played a valuable role in determining the biochemical requirements for these processes [ 16, 171 . The establishment of a cell-free system for investigating the density changes that occur during traffic from endosomes to lysosomes should be of similar value. A prediction of the hypothesis that endosomes can increase their density to that of lysosomes is that it should be possible to induce this density change in endosomes in the absence of dense compartments with which they could fuse. Roederer et al. [18] used Percoll gradients to separate endosomes and other low-density compartments from denser compartments, and showed that, on incubation in a monovalent ion-containing buffer, they could undergo an ATP-dependent increase in density to that of dense lysosomes. This density increase did not occur at 4°C and was inhibited by benzylamine, a lipophilic weak base that dissipates pH gradients. These results were combined with the observation that lysosomal enzymes can form a matrix at low pH [19] to form a new model for the production of dense lysosomes [ 181. In this model, the decrease in pH on transit or on conversion from early endosomes to late endosomes was postulated to induce the formation of a matrix from the endosome contents, leading to a reduction in the osmotic strength, the loss of water and a resultant increase in buoyant density.
Changes in endosomal density have been observed in two other cell-free systems designed to measure other phenomena. Mullock et al. [ZO] described a system using rat-liver postmitochondrial supernatants, in which movement of an endosoma1 marker to the density of lysosomes required ATP, cytosol and the presence of dense compartments. The results suggested that fusion between lysosomes and late, but not early, endosomes was occurring in this cell-free system. Although the data were not presented, the authors indicated that an intermediate increase in endosomal density was observed in the absence of dense compartments, but that it was not as great as that observed in their presence. Whether this increase was also observed when the marker was confined to early endosomes was not reported. Wessling-Resnick and Braell [Zl] also observed a partial increase in the density of an endosomal marker in their cell-free system, which was designed to monitor the segregation of transferrin from lysosomally-directed markers. In this system, pre-incubation of transferrin-containing endosomes (from K562 cells) at elevated temperature with ATP resulted in the loss of the fusion capacity that is associated with their presence in early endosomes. In addition, an increase in density of compartments containing a fluid-phase marker, avidin-P-galactosidase, to a position intermediate between those of early endosomes and lysosomes was observed under conditions where segregation occurred. Transferrin-containing compartments did not significantly change density under these conditions.
While it is clear from these three systems that changes in density of endosomal markers can occur in the absence of fusion with dense lysosomes, the extent of these changes, their biochemical requirements and the nature of the compartments capable of the change remain unclear. As with any observation in a cell-free system, the existence of conditions under which endosomes can undergo a density increase without fusion with dense compartments does not, by itself, prove that this phenomenon occurs in living cells. It does, however, provide a framework for investigating density changes by endocytic compartments, which may lead to a clearer understanding of lysosome biogenesis.
In order to determine whether the endosomal density increase observed previously in 3T3 fractions could occur in similar fractions from rat liver, we have used the perfused rat-liver system to prepare microsomal fractions in which an endocytic marker, biotin-conjugated-asialo-orosomucoid (B-ASOR), is predominantly found in early endosomes. As expected, when the distribution of B-ASOR in a self-forming Percoll gradient is measured under standard conditions (that is, using a buffer containing primarily 0.25 M sucrose), a single peak near the top of the gradient is observed ( Figure 1) . As was the case for endosomes from 3T3 cells, incubation with ATP at an elevated temperature in a buffer containing monovalent ions results in a significant fraction of the endosomal marker distributing near the bottom of the gradient (in those fractions containing the major peak of the lysosomal enzyme P-hexosaminidase). The increase to the lysosomal density requires ATP, as incubation in the same buffer containing an ATP-depleting system results in only a small increase in density. The latter ATP-independent density increase occurs even upon incubation at 0°C (with or without ATP; data not shown), and may be due either to passive changes in the properties of the labelled compartments or to differences in the properties of the Percoll gradient in salt-containing buffers.
The ATP-dependent density increase does not appear to require cytosol nor fusion with dense compartments, since it occurs in dilute suspensions of microsomal fractions that are depleted of cytosol (and contain relatively few dense lysosomes). Similar results are obtained if dilute postnuclear supernatants are used instead of microsomes, indicating that the density increase is not a consequence of the pelleting and resuspension steps that are used in their preparation (data not shown). Similar results were also obtained when B-ASOR was localized in late endosomes using a 10 min chase before homogenization (data not shown).
Our initial efforts to identify those monovalent ions required for the process focused on the chloride ion. Incubation with ATP in a potassium acetate/sucrose buffer does not result in an increase to the lysosomal density (Figure l Cell-free density changes in rat liver endosomes Isolated rat livers were perfused at 40 rnl/rnin with 2 pcgl rnl 6-ASOR and 2 rncglrnl 6SA in Krebs-Henselith-buffer for 3 min at 37°C (to label early endosomes). The liver was washed with 200 rnl of ice-cold 137 mM NaCI, 27 rnM KCI, 153 rnM Na, HPO, , 14.7 rnM KH,PO, and 5 mM EGTA (pH 7.4) followed by 40 ml of ice-cold 250 rnM sucrose, 10 rnM Hepes (pH 7.4), 2 rnM EGTA, 2 pcgl rnl leupeptin, 0.7 pcgl rnl pepstatin and 50 pcgl ml phenylmethane sulphonyl fluoride and homogenized in 3 vol. of the same buffer. A rnicrosornal fraction was prepared from a post-nuclear supernatant, resuspended in 3 ml of the same buffer without protease inhibitors and was frozen in liquid nitrogen. Microsomes were thawed rapidly and 100 pl aliquots were mixed with 7 ml of HB and 300 pl of distilled water (n), 7 ml of M6 and 300 pl of ATP-depleting system (U), 7 ml of M6 and 300 pl of ATP-regenerating system (A) or [28] , except that the concentrations for the ATPregenerating system were increased 2.5-fold (a final ATP concentration of 2.5 mM). Samples were incubated for 90 min either at 0°C (0) or at 37°C (other experiments), mixed with 7.4 rnl of 66% (viv) Percoll in HB, underlaid with 3 ml of 2.5 M sucrose and centrifuged for I h at 25000 g in an SV-288 vertical rotor (using tube adapters for 18 rnl tubes). Fractions were collected from the top and the 6-ASOR content was assayed using an e.1.i.s.a. with avidin-B-galactosidase. Dense lysosomes (as indicated by the major peak of B-hexosaminidase activity) sedirnented in fractions 15-17 (data not shown). In similar experiments, the fraction of labelled material that migrated in the dense region for samples that were incubated with MB and ATP was usually greater than that shown in this experiment; the amount of material found in the dense region for the other conditions was always negligible. did not include significant concentrations of monovalent ions. This may explain the absence of a full density increase upon incubation without lysosomes. It should also be noted that early endosomes appear capable of density changes both in our system and in that of Wessling-Resnick and Braell, while there are clear differences in the fusion/association characteristics of early and late endosomes. It is possible that early endosomes may differ from later compartments only in their fusion/recycling capabilities and may already possess the components that are required for creating a lysosomal density. In vivo, this tendency to form dense lysosomes may be countered by fusion with incoming material or may be otherwise regulated. The chloride requirement that we have observed suggested that the activation of a chloride channel may regulate endosomal-density increases. Clearly, further experimentation is required to resolve these issues.
The shape of the Percoll gradients used in these experiments does not resolve well compartments that have densities near those of dense lysosomes. This means that it remains possible that fusion steps may be required to obtain the high density of late lysosomes and residual bodies, as was observed by Mullock et al. [ZO] .
Lysosomal defects in receptorrecycling mutants
The isolation and characterization of mutants has contributed greatly to our current understanding of membrane traffic, especially with respect to the secretory pathway [22, 231. To provide information about the process by which receptors are recycled from endosomes to the plasma membrane, we have isolated Chinese-hamster ovary cell mutants with pleiotropic, temperature-conditional defects in this process [24] . These mutants were isolated by fluorescence-activated cell sorting of cells that retain a pulse of fluorescent transferrin after a chase, and are therefore termed Tff (for Transferrin-trapping) mutants. The initial characterization of one of these lines, Tff 1.1 1, revealed that on shift to the non-permissive temperature, the number of transferrin and a,-macroglobulin receptors on the cell surface decreased approx. 80%. This is because the pathway for the rapid recycling of receptors is apparently inhibited, while slow recycling (perhaps involving traffic through the Golgi system) remains. Evidence has been presented that the Na+,K+-ATPase acts in early endosomes to inhibit proton pumping and to maintain this compartment at a mildly acidic pH [25, 261 and it has been proposed that the removal of the Na+,K+-ATPase along with recycling receptors is required to achieve the lower pH that is found in late endosomes. A prediction of the endosome-maturation model that is described above is that the inhibition of receptor (and Na+ ,K+-ATPase) recycling would inhibit the process of lysosome biogenesis by preventing the fur-
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Charting Endocytic Membrane Traffic Pathways Figure Za) . Analysis of the distribution of a lysosomal enzyme, /??-galactosidase, reveals that the majority of enzyme activity is in the dense compartments for both cell types at this temperature ( Figure   Zc) . Incubation of WTR cells at 41°C results in an increase in the amount of material that is found in dense lysosomes, but no change in the distribution of lysosomal enzymes (Figure 2b, d) . However, incubation of TfT 1.1 1 cells at this temperature for 4 h leads to a complete absence of HRP from the dense-lysosome position of the gradient ( Figure  2b ). This additional phenotype in a mutant that was selected for a defect in receptor recycling suggests that the recycling of receptors (and/or other recycled molecules) is required for the proper transfer of endocytosed material to dense lysosomes. Consistent with these results, the incubation of TfT 1.1 1 cells at the non-permissive temperature leads to a dramatic decrease in the accumulation of fluidphase markers, such as fluorescein isothiocyanate-dextran and HRP. Furthermore, incubation at the non-permissive temperature results in a shift of all /??-galactosidase activity from the position of dense lysosomes to that of endosomes ( Figure 26 ). This shift can be explained if lysosomal enzymes normally cycle from dense lysosomes to endosomes and if their exit from endosomes is blocked by the recycling mutation. Such a cycle of hydrolases has been proposed to explain the failure to inhibit cathepsin H activity in early endosomes by cycloheximide treatment for up to 8 h [lo, 271. While this analysis alone cannot determine whether these enzymes have recycled to endosomes, preliminary results using density-shifting indicate that the majority of these enzymes are accessible to HRP that has been endocytosed for only 20 min (data not shown).
Two additional possibilities must be considered. The first is that TfT 1.1 1 has a mutation in a protein that is required (separately) both for receptor recycling and for transfer to dense lysosomes (for example, budding of endosomal carrier vesicles). The second is that the TfTl.11 cell line has two distinct mutations, one in each pathway. While further experimentation (such as cloning of the gene or genes that are defective in TfT 1.1 1) will be required to address these possibilities, the most likely a priori possibility is that proper endosomal recycling is required for lysosome biogenesis. A satisfying explanation is that the step that limits lysosomal generation in T f T l . l l is the removal from the endosome (by recycling) of molecules that inhibit endosomal maturation.
